Background: Adiponectin circulates as low-, medium-, and high-molecular-weight multimers (LMW, MMW, and HMW) and influences lipid profile and insulin resistance (IR), HMW being considered as the most biologically active form. We aimed to study the relation between adiponectin and markers of metabolic syndrome (MS) in pediatric obesity, and the impact of physical exercise.
a diponectin is mainly secreted by adipocytes in humans (1, 2) , but total adiponectin (TA) levels are paradoxically lower in obese children, and even lower in obese individuals with metabolic syndrome (MS) (3, 4) .
Adiponectin improves lipid metabolism by lowering the synthesis of free fatty acid and stimulating β-oxidation (5).
Furthermore, it is inversely related with triglyceride (TG) levels and positively related with high-density lipoprotein cholesterol (HDLc) concentration. A study from our group showed that adiponectin modulates the effect of apo E genotype on lipid profile (6) . Adiponectin also presents an anti-inflammatory action, e.g., it inhibits proinflammatory tumor necrosis factor-α (TNF-α) secretion by macrophages. This activity might have an important role in insulin resistance (IR), as TNF-α inhibits insulin signaling (7, 8) , while adiponectin increases insulin sensitivity (9) .
In pediatric ages, adiponectin levels correlate negatively with age (6) . The difference between genders is well established, with women presenting with higher adiponectin concentrations (6, 10) . Sexual hormones might underlie sex-related changes as before puberty; no differences are found between genders (11) .
The body fat distribution influences adiponectin levels, with abdominal obesity associated with lower concentrations (4, 12) . The association between central adiposity and reduced adiponectin was seen with visceral fat accumulation in children (13) and adults (14) .
Adiponectin circulates as three complexes: trimers, hexamers (two trimers), and larger structures of trimers-12 to 18mers being referred as low, medium, and high-molecular-weight adiponectin, respectively (LMW, MMW, and HMW) (15) .
The different multimers are suggested to present different biological functions, but results are still inconclusive. HMW was described as a better marker of metabolic abnormalities in obese children than TA or the other multimers (16) , and to be particularly related to improved insulin sensitivity (17) and lipid profile (18) .
The decrease of TA in obese children appears to be mainly due to the reduction of the HMW multimer (16) . Controversially, another study found no difference between obese and lean prepubertal boys regarding total and HMW adiponectin (19) .
Diet-induced weight loss in obese adults is associated with an improvement in adiponectin levels, with no further impact Articles Nascimento et al.
from exercise (20) . Contrarily, another study found no impact on TA levels after a nutritional counseling program in prepubertal Portuguese children, despite the improvement in BMI z-score (BMIzsc) and blood lipids (21) . Different results were found in a study involving obese adolescent boys, as improvements in adiponectin levels were obtained both by energy restriction and by exercise separately, moreover, cumulative effects were present when both approaches were combined (22) .
The aims of this study were: (i) to clarify changes in circulating TA and related multimers in obese children and adolescents, (ii) to evaluate adiponectin relation with markers of MS, and (iii) to study the impact of regular physical exercise (PE) in adiponectin and in MS features.
RESULTS

Cross-Sectional Study
The control and obese groups were matched for sex, age, and tanner stage. The obese individuals presented a lipid profile with significant cardiovascular risk changes, namely, higher TG, low-density lipoprotein cholesterol (LDLc) and very-low-density lipoprotein cholesterol (VLDLc), and lower HDLc and HDLc/total cholesterol (TC) ratio; they also presented increased IR (measured by homeostasis model assessment of IR (HOMA-IR)) and insulin, although showing normal levels of glucose. A proinflammatory status was present in obese individuals, with lower values of adiponectin and C-reactive protein (CRP) median being almost five times higher than that of the control group (Supplementary Table S1 online).
Longitudinal Study
The variation of anthropometric variables during the study period for obese and controls is presented in Table 1 . The groups did not differ regarding sex and tanner stage (data not shown). At the end of the intervention program, both groups presented a significant decrease in BMIzsc, but only the obese group presented a significant reduction of the trunk percentage of fat.
The weight loss in the obese group, as shown by the reduction in BMIzsc, was accompanied by changes in the studied biochemical variables. Obese individuals improved the lipid Exercise, adiponectin, and metabolism Articles profile, with a significant reduction of TC and LDLc concentrations, and an increase in the HDLc/TC ratio; IR was also improved, with a decrease in insulin levels and in HOMA-IR.
On their turn, controls did not present any significant changes in lipid profile or IR markers, despite the variation of BMIzsc. Levels of adiponectin were reduced in both groups during the study period.
Obese and control groups were also compared for the absolute and relative variations of the anthropometric and biochemical variables (data not shown). No difference between the two groups was found when comparing changes in anthropometric data. Conversely, an increase in ΔHDLc/TC% and a trend for the lowering of HOMA-IR was seen in obese group (Supplementary Figures S1 and S2 online).
Analysis of Adiponectin Multimers
To better understand the function of adiponectin isoforms and to verify any difference between obese and controls, we selected a prepubertal population, in order to minimize the variations caused by other factors rather than obesity (e.g., sexual hormones). The control (n = 10) and obese (n = 13) groups were adjusted for gender (50% females vs. 46.2% females, respectively) and age (mean 7.3 ± 1.4 vs. 7.9 ± 1.4, respectively).
The differences in anthropometric and biochemical variables observed between obese and control groups in the larger population remained constant although TG, HDLc, LDLc, and VLDLc presented only a borderline statistical significance (data not shown), and adiponectin lost significance.
No differences were observed between obese and control groups regarding the absolute and relative multimer concentrations, before and after the PE program (data not shown).
We further analyzed the impact of the PE program in TA and in its multimers by dividing the obese group based on having achieved, or not, a BMIzsc reduction of 0.2, a cutoff characterizing a moderate-to-small reduction in adiposity ( Table 2) .
The control group did not present significant changes in adiponectin during the intervention period. Regarding the Articles Nascimento et al.
obese participants, the group that reached the cutoff value also did not present any significant reduction of adiponectin. Conversely, obese individuals who did not reach the cutoff value presented a general reduction of TA and its multimers absolute concentration. The relative percentage of the different isoforms was maintained in all groups.
To clarify the functions of the different adiponectin multimers, several correlations were performed. First, we analyzed associations between TA and the other studied variables using the entire studied population (cross-sectional study; n = 104), and then we performed subanalysis between changes in studied variables over the interventional study (n = 57 for TA; n = 23 for adiponectin multimers). The levels of TA (n = 104) correlated inversely with BMI, total percentage of body fat, TG, insulin, HOMA-IR, and CRP, and positively with HDLc and HDLc/TC ratio (Supplementary Table S2 online) . Regarding the longitudinal analysis (n = 57), changes in TA were inversely correlated with changes in markers of adiposity and in TG levels. The multimer that most mimics TA associations at the baseline, was the HMW isoform; even though, statistical significance was lost, probably due to the lower number of cases (n = 23).
Improvements in adiposity variables at prepubertal stages, especially BMI, correlated with increments in circulating levels of HMW and MMW forms (Figure 1) . Moreover, by multiple regression analysis, the parameter that best explained changes in HMW isoform was the Δ BMIzsc (R 2 = 0.299, standardized coefficient/β: −0.547, P = 0.013).
The increase in HMW relative percentage was related with lower levels of circulating TG. In contrast, despite the negative correlation with adiposity, an increased relative percentage of MMW was associated with increased levels of TC and LDLc (P < 0.01 and P < 0.05, respectively).
DISCUSSION
Cross-Sectional Study
Childhood obesity was accompanied by worsening of MS markers (3, 4) . In our study, the obese group presented a worse lipid profile, increased IR (measured by HOMA-IR), and inflammation, as seen in Supplementary Table S1 online.
The obese group presented increased IR, although showing normal levels of glucose, pointing at an unbalanced glucose metabolism. In children, the insulin levels seem to be an early indicator of metabolic changes, appearing first than anomalies in glycemia.
Longitudinal Study
Although both obese and controls reduced BMI score following the intervention program, only the obese group presented clear changes in the body composition, with a significant reduction of the trunk percentage of fat. The body fat distribution influences the metabolism; actually, a central accumulation of adiposity has been associated with an increase in cardiovascular disease risk (4, 12, 13) . The reduction of the central adiposity in the obese group is an important indicator of the positive impact of the PE program.
Accompanying the decrease in adiposity in obese individuals, were the improvements in biochemical variables, namely lipid profile and insulin. Obese individuals were presented with an improved lipid profile as seen by a decrease in ΔHDLc/ TC% ratio. Actually, more than 75% of the obese individuals presented a decrease in that athrogenic index (D HDLc/TC%), while only 50% of the controls obtained the same result. This is an important finding as this ratio is an accepted marker of atherosclerotic risk (6) . As well, the trend to an improvement in HOMA-IR in obese patients indicated a better glucose homeostasis; a particularly relevant point as IR continues to explain most, if not all, of MS (23) . Together, these changes demonstrate a global improvement in lipid and glucose metabolisms following the intervention program.
The lack of changes seen for controls, regarding lipid profile or IR, is probably due to the fact that these variables were already at good levels and, although the practice of exercise improved the nutritional status, their metabolism was previously balanced and no further changes could be detected.
Considering that the metabolism of obese individuals is unbalanced, the BMIzsc reduction observed in this group, with a particular decrease in central adiposity, likely contributed to lead the biochemical variables to the desirable levels. In fact, changes in body fat distribution might be the key factor behind the metabolic improvement.
The PE program was unable to increase TA values in any of the groups, contrarily to other studies (22) . TA and adiponectin multimers seem to require marked reductions in adiposity to improve. In fact, changes in TA, HMW, and MMW adiponectin were negatively associated with changes in BMI and BMIzsc in our study, however, the lack of significant improvements might be related with the lower reduction of BMIzsc presented by our participants, despite the significant changes in other anthropometric variables. Additionally, adiponectin is negatively correlated with age in children and adolescents, meaning that it might be necessary greater BMIzsc reductions to oppose this physiological trend (6) .
Analysis of Adiponectin Multimers
For the study of adiponectin isoforms, we selected a prepubertal population in order to minimize the variations caused by other factors rather than obesity. Despite the differences in anthropometric and biochemical variables between obese and controls in the larger population were, somehow, maintained, no significant changes were observed between the two groups regarding TA and absolute and relative multimers concentrations, both before and after the PE program (data not shown). Oppositely, some studies have pointed to an increase in HMW following intervention (16, 24) . The lack of significant differences might be related to a small sample size, however, it can also indicate that the differences previously found could be due to confounding factors, present later in life, or, that differences in TA concentrations seen at older ages, might be caused by a cumulative effect, still not evident at early ages. So, acting early might be the best strategy to avoid obesity impact later in life.
Exercise, adiponectin, and metabolism
Articles TA and its multimers absolute concentrations did not vary both in controls and in the obese group that reached the cutoff value for BMIzsc reduction (0.2), however, in the obese individuals who did not reach that cutoff, there was noted a general reduction. Interestingly, the relative percentage of the different isoforms was maintained in all groups.
Other studies have reported that BMIzsc reduction is related to an increase in TA, particularly in the HMW form (16, 24) . In children, adiponectin decreases with aging (6); therefore, a small reduction of BMIzsc (0.2), might not be enough to raise the TA levels, but it seems to be enough to slow the process as age-related adiponectin reduction seems to be accelerated in obese individuals. Moreover, previous data from our group demonstrated that small reductions in BMIzsc are associated with significant improvements in lipid profile and IR, markers of MS inversely related to adiponectin levels (25) .
Increased TA, at baseline, was correlated with lower adiposity, inflammation and IR, and with a better lipid profile (Supplementary Table S2 online). Additionally, the longitudinal analysis showed that increases in TA are related to decreases in adiposity and TG. These results are in agreement with previous studies, showing that higher values of TA are associated with reduced body weight and improved lipid profile, inflammatory status, and insulin sensitivity (9) .
An important finding of our longitudinal study was that improvements in the adiposity variables, at prepubertal stages, were correlated with the increments in circulating HMW. In fact, when multiple regression analysis was used, variations of HMW were explained by changes in BMIzsc (negative association). HMW is proposed to be the most biologically active form of adiponectin, with lower adiposity associated with higher circulating HMW (16) . HMW adiponectin has been reported to correlate closer with IR than with adiposity, however, the association between TA and HMW with IR in prepubertal children is not so clear and is said to appear only between the ages of 2 and 6 y (26). Despite the age of our prepubertal group was outside those limits (2-6 y), we did not find any association between HMW and IR. Nevertheless, the increased levels of HMW relative percentage were associated with lower TG levels. HMW relation with a better lipid profile is probably explained by the influence of this multimer in liver insulin sensitivity (18) .
Thus, it seems that HMW mimic the associations of TA with adiposity and lipid profile, and is possible that this adiponectin fraction explains most of those associations.
Another multimer, MMW, presented ambiguous results. Although the increase of MMW adiponectin was associated with the improvement of BMI (Figure 1) , it was also linked with a worse lipid profile. More studies are necessary to verify these relations.
The impact of the other multimers rather than HMW in obesity has been poorly explored (16); actually we are, to the best of our knowledge, the first group to describe associations between the worsening of lipid profile and increasing MMW.
The study has the following limitations: (i) the sample size is not very large and some differences might have been underestimated, and (ii) adiponectin multimers were analyzed only in prepubertal individuals, an age period when the relation between adiponectin and MS is still not clear.
Despite these limitations, the study of adiponectin multimers in pediatric patients before and after an interventional study is rare, and thus, we believe that our work may offer some important information. Moreover, this is, as far as we know, the first study on this subject in Portugal.
Conclusion
Childhood obesity is accompanied by an increase in MS features (worse lipid profile and increased IR) and a proinflammatory state. Lower adiponectin levels in obese patients are likely to be related with most of these deleterious changes; however, differences are not evident at prepubertal stages. The adiponectin multimers that mostly explained MS features at prepubertal stages were HMW and MMW.
Insulin is an early indicator of IR and should be used as an early indicator of metabolic derangement in pediatric obesity.
The PE program helped to improve the lipid profile and to decrease IR in obese individuals, though with no significant variation of TA or adiponectin multimers. Nevertheless, prepubertal patients who reduced the BMIzsc maintained adiponectin levels, contrarily to individuals who did not.
Understanding how TA and its oligomers influence the metabolism is an important issue, particularly for children, in whom an early intervention can present relevant impact in the future. Thus, our work highlights that the different circulating forms of adiponectin might present different, or even opposite effects, in MS features. On its turn, weight loss helped to sustain what appears to be a positive profile of adiponectin isoforms.
METHODS
Subjects
The study consisted of a cross-sectional and a longitudinal part. The cross-sectional study involved 104 children and adolescents (59 females), aged 5-18 y, after written informed consent was obtained from their parents. The population was recruited in: (i) two pediatric obesity outpatient clinics in Oporto and (ii) a school-based PE program in five primary and two middle and high public schools from Oporto suburban setting.
The longitudinal study consisted of an 8-mo PE program. Fiftyseven individuals completed the intervention (27 females).
Articles Nascimento et al.
All overweight participants were asked to modify their lifestyle habits and to participate in regular PE classes. Attendance averaged 85%. The planning program converged 3 h of physical education and 2 h of after-school sessions (1 h each session) resulting in a total of 5 h per week, during 8 mo. Two graduates in Sport Sciences, under the guidance of two researchers, supervised the sessions, ensuring that the type and variety of exercises would be performed according to previously held planning to apply equally to all schools. PE sessions included 15 min for warm-up with aerobic endurance and flexibility, 30 min of working circuit for aerobics, strength training, coordination and balance, with balls, bows, strings, and callisthenic exercises, 10 min of games to promote the enjoyment, and 5 min of stretching. All activities were done in indoor schools' sports facilities. Exercises and games were progressively intensified as individually tolerated. Training intensity and compliance between individuals were defined to induce heart rate higher than 80 of each child's maximum heart rate. To ensure this, 10 randomly selected children wore a portable heart rate monitor during sessions (Polar Team2 Pro, Polar, Finland).
The nature, benefits, and risks of the study were explained to the volunteers, and a parent's written informed consent was obtained before the study, consistent with the Helsinki Declaration. The experimental protocol was approved by the Review Committee of the Scientific Board of the Faculty of Sport, University of Porto as well as by the Foundation of Science and Technology (FCT, Portugal).
Blood samples. After an overnight fast, blood was obtained by venepuncture in ethylenediaminetetraacetic acid-containing tubes and processed within 2 h of collection. Aliquots of plasma were made and stored at −80 °C until assayed.
Biochemical analysis. TC, TG, HDLc, glucose, insulin, and CRP were measured using automated technology, as described elsewhere (25) . LDLc and VLDLc were calculated using Friedewald formula (29) . HOMA-IR was determined according to Matthews (30) .
Adiponectin
TA. Plasma concentration of TA was evaluated by a commercial enzyme-linked immunoassay (e-Bioscence, San Diego, CA).
Adiponectin multimers. Absolute and relative plasma concentration of adiponectin circulating multimers (HMW, MMW, and LMW) was determined using a commercial available kit (Alpaco, Salem, NH).
Exclusion Criteria and Ethical Approval
Smokers, subjects with reduced mobility, under regular medication or with diabetes mellitus, endocrinology disorders, hereditary, inflammatory, or infectious diseases were excluded from the study. The protocol was approved by the Hospitals Committees of Ethics and the Regional Education Board, and schools agreed to participate.
Statistical Analysis
Statistical analysis was performed using the Statistical Package for Social Sciences (SPSS software, version 20, IBM, Armonk, NY). Kolmogorov-Smirnov analysis was used to test if the results were normally distributed. Results normally distributed are presented as mean ± SD, otherwise are presented as median (interquartile range). Variables which distribution differed from normal were transformed for better fitting. Distributions were analyzed using χ 2 test and Fisher's exact test.
Differences between groups were assessed using Student's t-test. The strength of the associations was estimated by Spearman correlation coefficient. Significance was accepted at P < 0.05.
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